ABSTRACT
INTRODUCTION
Bacterial viruses or bacteriophages infect bacteria to replicate themselves (d 'Herelle, 1917) and they form the most abundant group of biological entities in the biosystem. These phages have densely coded, small genomes of a highly organized nature. The study of bacteriophages during the last decades was the starting point for molecular biology and all its branches, by providing basic insights in fundamental concepts of virology, as a source of tools for many biotechnological applications (Dunn and Studier, 1983; Krieg and Melton, 1984) but also by inspiring an overall change in mentality * To whom correspondence should be addressed. of biological research. The demand for well-characterized phage genomes is growing steadily, due to potential use of bacteriophages in a diverse spectrum of applications, ranging from comparative genomics studies to their applied uses as antimicrobial agents (Brüssow and Hendrix, 2002; Stone, 2002) .
Genome analysis of bacteriophages focuses mainly on the identification and functional assignment of genes, while an in silico search for regulatory elements like phage-specific promoters is often neglected or performed in a non-systematic manner. However, this information could potentially be used to assist open reading frame (ORF) prediction and help clarify the overall genome organization.
Most experimental research on bacteriophage genomes has been performed on the T-phages, double-strand DNA bacteriophages, which infect Escherichia coli. Over the last decades, genetic and biomolecular characterization of bacteriophages like T7, T4, T3 and also phage λ-focussing on replication and regulation of gene expression-have provided a clear view of the genomic organization and mode of phage replication in these organisms (Dunn and Studier, 1983; Miller et al., 2003; Pajunen et al., 2002) . In recent years, however, the number of phage genomes that has become available has increased and expanded to phages that infect other bacteria, e.g. Pseudomonas aeruginosa (Mesyanzhinov et al., 2002; Lavigne et al., 2003) , Yersinia enterolitica (Pajunen et al., 2001) and Staphylococcus aureus (Kaneko et al., 1998) . For these phages, experimental knowledge of regulatory elements is limited.
Computer-based search of short sequences started in the late 1970s following the advent of rapid DNA sequencing methods, the initial purpose being the detection of restriction cleavage sites. Such programmes relied on deterministic approaches (comparing bases one by one), but with growing complexity of the target sequences such as promoter sites and other DNA-protein interaction sites, various statistical approaches have been developed over the years (Pesole et al., 1992; Stormo, 1990; Galas et al., 1985) . Retrieving undefined sequence patterns based on multiple occurrence adds another degree of complexity to these problems.
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In this paper we present PHage In silico Regulatory Elements (PHIRE), a program that scans bacteriophage genomes to extract potential conserved regulatory elements including phage promoters, terminators and regions involved in genome replication. The algorithm is based on the premise that signals in regulation often use simple sequence targets that may be written as consensus sequences. Conversely, the multiple presence of specific targets should be detectable in the genome sequence by an alignment approach. Typical examples of such genome-specific targets are phage-specific promoters. Since these elements can often be seen as sets of conserved sequence strings contained within the genome of length G, the PHIRE algorithm systematically compares all the DNA substrings of a specified length (L) to one another, allowing a limited number of mismatches (degeneracy D) to sort out and extract the largest sets (DominantNum) of substrings that represent a unique consensus. In this manner, the entire genome is analysed on both the direct and complementary DNA strand to extract conserved subsequences with a substantial level of occurrence throughout the genome. To visualize the sequences around the consensus sequence, the window size (W ) can be adapted to include the sequences left and right of each selected DNA individual string.
Often, promoter prediction has been dependent on ORF predictions or on experimentally determined promoter sequences (van Helden et al., 1998; Chen et al., 1997; Marsan and Sagot, 2000) . The PHIRE approach, though computationally demanding, acts as an objective, independent source of information that can be evaluated in concert with ORF predictions.
ALGORITHM
The PHIRE algorithm is similar to finding subsequence frequency within a sequence, but degeneracy in the subsequence comparison is allowed, which makes it more comparable to algorithms like the EMBOSS fuzznuc program (Rice et al., 2000) , although PHIRE allows degeneracies at random locations in the comparison of two subsequences. Furthermore, PHIRE compares all subsequences of the genome sequence to one another, which greatly increases computation time. It subsequently selects the most dominant subsequences and their matches to form sets of subsequences (MaxSets = M), which are subsequently displayed as a multiple alignment.
Given genome sequence G and subsequence length (L), we can easily calculate the subsequence number N = Length(G) − L + 1. We then use function Compare(S i , S j ) to compare two subsequences S i , S j (subscripts i, j denote start position or index of subsequences, which varies from 1 to N ), which return a boolean value to indicate match and mismatch between S i and S j . This boolean value depends on the number of mismatches allowed (degeneracy D) between the two subsequences. All this data is recorded and organized in an array R[N ], which for each subsequence contains on one hand the number of matches it has within the genome (MatchedNum) and on the other hand the indexes on the position of these matched subsequences. We can specify the number of Rs (or MaxSets) displayed in the output by changing the DominantNum variable (default = 4) ( Table 1) .
From the algorithm shown in Figure 1 , we see that if subsequence S i is matched to subsequence S j (S i ≈ S j ) the inverse S j ≈ S i is also true. If S i and S j are matched, the MatchedNum for both S i and S j is increased, thus reducing calculation time by avoiding the backtrace. As a consequence, the systematic comparison for each substring increases in speed so there is no linear progress in the time of analysis. However, computation complexity is about O(N 2 ) since the algorithm needs to execute Compare() function N * (N − 1) * 1/2 times to end. The operation time of each Compare() can be treated as constant (in the worst case it needs L character comparisons). The Compare() function is the most frequently used operation [N * (N −1) * 1/2 times]. Therefore, to save the time of function call, we embedded Compare() in the innermost iteration level (third-level iteration) to save the time of function call.
After complete analysis of the direct strand, the complementary strand is analysed by scanning the direct strand with the complementary sequence of the dominant subsequences. Matches retrieved on the complementary strand are added to the array R.
Although this algorithm is computationally demanding, it is important to see that the algorithm is deterministic rather than stochastic, which was the principal goal in the implementation of this program. A time estimation for the total scan can be made, since the required number of computations necessary equals N * (N − 1)/2. Total running time (T ) is extrapolated from the number of calculations made in running time (t). This estimation is recalculated every minute until the scan is finished.
SYSTEM AND METHODS
PHIRE ver. 1.00 was implemented on a Windows 2000 platform, using Visual Basic 6.0 Enterprise edition. The program The left column shows the most dominant set of strings of PHIRE analysis (string sequence, start and stop of each string and presence on either direct or complementary strand). The right column shows the location and name of the experimentally determined promoters, derived from the GenBank file or publications. In panel C, promoter phi4.7 was not predicted by PHIRE, because this promoter sequence deviates 6 bp from the consensus promoter, while PHIRE allowed only four mismatches.
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IMPLEMENTATION

Proof of principle: analysis of phage genomes with experimentally determined regulatory elements
To evaluate the efficiency of the PHIRE program comparisons were made between experimentally available data and data predicted by PHIRE on several bacteriophage genomes. Bacteriophage members of all families (Myoviridae, Siphoviridae and Podoviridae) within the Caudovirales (tailed-phages) were analysed. Table 1 shows the predicted most dominant set of 22mer DNA sequences with a 4 bp degeneracy (S = 22; D = 4) for the T3, T7 and φYeO3-12 genomes. From this, we can conclude that the sets correspond virtually perfectly to the experimentally determined promoter sequences of the genomes and that the correct consensus sequence can be extrapolated from the PHIRE analysis. Only one promoter of the T7 genome was not found since it contained six degeneracies compared with the 22 bp consensus sequence. However, PHIRE did retrieve all promoters for T7 when parameters were optimized (S = 20; D = 4). These parameters were subsequently set as default for further analyses. Since the exact length of the regulatory elements are not known in advance, the expandable window size (W ) simplifies the extraction of a consensus sequence from the prediction.
The PHIRE analysis of the λ genome sequence yielded a maximal set consisting of only four strings (Table 2) . However, these four 20mers were located in a region of only 90 bp of the entire genome. As shown in Table 2 , this region contains the origin of replication (ori) locus of the genome and the DNA strings correspond to the experimentally determined ori iteron regions. Specific replication initiation proteins recognize these conserved sequences (Dodson et al., 1985) .
From these analyses we can conclude that known regulatory elements in the phage genome sequences can be identified using PHIRE. Optimization of the parameters was made to analyse unusual strings of tailed-phage genome sequences.
Prediction of regulatory elements using PHIRE
PHIRE scans on 20 publicly available bacteriophage genomes using default settings yielded 13 different potential regulatory elements in 11 bacteriophages as shown in Table 3 . However, some genomes did not show distinguishable patterns from which a prediction could be made.
The emphasis of the analyses was placed on the Podoviridae, since more genome sequences are available for these phages. The Podoviridae phages that were analysed infect different host bacteria and contain a (predicted) phage RNA polymerase with specific DNA recognition sites for transcription. As shown in the previous section, PHIRE was able to extract the phage promoter sequences for T7, T3 and φYeO3-12. Additionally, the region from 175 to 340 on the T7 genome, found by PHIRE, contains many highly conserved CCTAAAG-regions, located 6 bp apart from each other. They were described previously by Dunn and Studier (1981) and have been shown to be associated with the processing of genome concatemers during DNA replication.
The genome for the recently sequenced gh-1 phage, which infects Pseudomonas putida, is also classified as a T7-like member of the Podoviridae (cited in GenBank accession number NC_004665). Gene predictions show a typical T7-like genome organization. However, PHIRE analysis revealed 12 conserved sequences, which again were all located between the genes and are aligned in Table 4 . The consensus sequence derived from this alignment represents the predicted phage promoter consensus sequence. This prediction differs slightly from the predicted promoters in the GenBank file. There was no information available, however, on how these predictions were made.
For bacteriophages P60, PaP3 and SIO1, PHIRE revealed small regions (>500 bp) in the genome that presented an exceptionally high occurrence of 20mer strings with a 4 bp degeneracy. These regions are listed in Table 3 and could be involved in the replication process of the genome, like in T7. However, these regions are located in predicted ORFs. None of these proteins have so far been functionally assigned, nor is there any experimental evidence for the functionality of these overlapping genes. The predicted proteins are biased in their amino acid composition (Gly, Ala, Pro-rich). Hence, (Table 3 ). The genome of φKZ, which is the largest bacteriophage genome sequenced to date, contains a similar highly, but AT-rich, conserved sequence present between the predicted genes of its genome. All but one of the sequences are located on the direct strand and all of them are situated close to the predicted start codons of the ORFs, which suggests that these 23 sequences also represent phage promoters (Table 5C ). However, the most dominant set of conserved sequences in φKZ are symmetrically located, partially overlapping strings on either strand (Table 5A ). Each pair of these overlapping 20 bp long strings is in fact part of a single 24 bp inverted repeat region (stem-loop), which is highly conserved throughout the genome. The palindromic sequences (Table 5B) were all located between genes and form putative terminators with a conserved sequence as described previously (Mesyanzhinov et al., 2002) . The Rhodothermus marinus bacteriophage RM 378 genome PHIRE displays a set of AT-rich sequences with variable palindromic character, flanking the start codons of predicted ORFs. In this sense, they resemble the subsequence set found with φKZ and thus may be suspected regulatory expression elements, although their specific function has yet to be determined.
DISCUSSION
The technique of systematically scanning a bacteriophage genome implemented in PHIRE, offers an objective way to search for unusual sequence patterns in the sequence. Interpretation of these patterns can lead to functional prediction for these sequence regions. Because this is performed in parallel with ORF prediction, potential genes and potential regulatory elements can be placed in tandem for functional assignment. Previously, the search for regulatory elements was performed after ORF prediction by observing and aligning the defined intergenic regions or upstream and downstream regions of potential ORFs. The PHIRE analysis can aid in defining the ORFs, e.g. in cases where ORF prediction programs offer alternative start positions for a gene. Obviously, like in gene prediction, PHIRE analysis requires further interpretation to extract correct and dependable information.
